Cobalt (Co) is a potential therapeutic ion used to enhance angiogenesis through a stabilizing effect on hypoxia-inducible factor 1 alpha (HIF-1α), and its incorporation into the structure of bioactive glass is a promising strategy to enable sustained local delivery of Co to a wound site or bone defect. Here Co-releasing bioactive glasses were obtained through the sol-gel method, comparing cobalt nitrate and cobalt chloride as precursors. The effect of using different Co precursors on the sol-gel synthesis and in the obtained bioactive glass structure, chemical composition, morphology, dissolution behaviour, hydroxycarbonate apatite (HCA) layer formation was investigated. When the chloride salt was used as Co precursor, evidence of crystalline cobalt (II, III) oxide (Co 3 O 4 ) phase formation was found, along with the presence of Co 3+ species as evaluated by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), whereas an amorphous glass containing mainly Co 2+ species was obtained when the nitrate salt was the Co source. The presence of a crystalline phase decreased the surface area and pore volume of the final glass, consequently reducing the Co-release rate. Evidence of HCA layer formation after immersion in simulated body fluid (SBF) was still found when different precursors were used, although the rate of formation was reduced by the presence of Co. Therefore, this study showed that Co incorporation and the proper selection of the precursor could affect the final material structure, and properties, and should be considered when designing new bioactive glass compositions for tissue engineering applications. 
Introduction
In 1969, Larry Hench observed that a special glass composition derived from the Na 2 O-CaO-SiO 2 -P 2 O 5 system formed a strong connection with the host tissue after being implanted in the femur of rats [1] . This bioactive glass composition, later called Bioglass® or 45S5, became an alternative to inert implant materials, presenting high biocompatibility and bioactivity, inducing rapid bone tissue regeneration [2] . Different glass compositions, such as 70S30C and 58S, have been subject to intense research in the past decades [3, 4] , founding several applications in tissue engineering, from hard to soft tissue repair [5] .
The sol-gel process allows the synthesis of silica-based materials ranging from microparticles [3] to nanoparticles with different morphologies [6, 7] , the incorporation of drugs and biomolecules on their structure [8, 9] and the synthesis of organic-inorganic hybrid systems [10] of great interest as biomaterials. Sol-gel-derived bioactive glasses presents advantages over melt-derived glasses such as a higher surface area and an inherent nanoporosity, resulting in improved cellular responses and higher bioactivity [11] [12] [13] . Also, as sol-gel is a versatile process, bioactive glasses can be obtained in several compositional systems, containing different ions with therapeutic properties incorporated into the glass network. During the bioactive glass dissolution process, these ions with physiological activities are released by ion exchange reactions with the surrounding fluid, playing a specific role in the glass biofunctionality. For example, calcium and soluble silica release could favour osteoblast differentiation [14, 15] , whereas silver and gallium release have shown antibacterial properties [16, 17] . Strontium is also known to simulate bone-forming cells while also prevent bone resorption [18, 19] . The bioactive glass performance can be improved by the incorporation of these ions into the glass structure, and the glass structure enables the local sustained delivery of these ions as the glass dissolves [20] .
Angiogenesis has an important role in the tissue repair, and strategies to induce angiogenesis are being considered when designing materials for regenerative medicine [21] . Transition metals, such as cobalt, have been shown to promote angiogenesis by simulating hypoxia conditions through the stabilization of the hypoxia inducible factor (HIF-1α) [22] . The HIF-1α pathway activates different provasculogenic genes, such as the vascular endothelial growth factor (VEGF), essential for angiogenesis, and consequently improving tissue repair [23, 24] . Therefore, Co-releasing glasses have been proposed as an artificial stabilizer of HIF-1α with the consequent promotion of neovascularization for tissue repair. Previous works have shown an increase in the expression of different genes related to the hypoxic response, extracellular matrix remodelling and angiogenesis during in vitro studies in Co-containing bioactive glasses [22, [24] [25] [26] [27] . However, the controlled release of Co should be obtained to prevent toxicity, as previously observed in a concentration-dependent manner in human mesenchymal stem cells (hMSCs) cultured with Co-containing glass dissolution products [24, 28] .
The precursor selection on sol-gel bioactive glass synthesis can affect its final structure and properties [29] . For example, the use of different phosphorous precursors in previous work (triethyl phosphate (TEP), phosphoric acid and phosphorous oxide dissolved in ethanol) resulted in different gelation times and mineralization behaviour on bioactive glasses and glass-ceramics in the SiO 2 -P 2 O 5 -CaO composition, although still presenting bioactivity [29, 30] . Also the precursor of network modifiers such as calcium was evaluated and showed that calcium only enters the glass structure above 400°C when calcium nitrate is used as precursor [31] but enters at the glass network at room temperature when using calcium methoxyethoxide, and it is not incorporated at any temperature when the precursor is the calcium chloride salt [4] . Likewise, the lithium precursor was shown to influence the final glass structure, as the use of lithium nitrate leads to the formation of crystalline lithium metasilicate, resulting in a dense glass-ceramic, whereas when lithium citrate was used as a precursor, a bioactive glass with lithium as a network modifier was obtained [32] . Sol-gel glasses containing Co were already described by Wu et al. [26] , which described the synthesis of hypoxia-mimicking mesoporous bioactive glass scaffolds. Nonetheless, the effect of different Co precursors on the sol-gel synthesis of bioactive glasses was not evaluated before, which could influence the glass properties and dissolution behaviour, consequently affecting the material performance.
Here we synthesized new sol-gel 58S-derived bioactive glass compositions containing Co as a potential strategy for controlled ion release in physiological environments, evaluating the effect of Co incorporation and precursors (cobalt chloride and cobalt nitrate) on the glass properties.
Materials and methods

Synthesis of bioactive glass microparticles
Bioactive glass samples derived from the 58S composition (60 mol% SiO 2 , 4 mol% P 2 O 5 and 36 mol% CaO) were obtained through the sol-gel method as described elsewhere [33, 34] . All reagents were purchased from Sigma-Aldrich (UK) unless otherwise stated. Briefly, TEOS (tetraethyl orthosilicate 98%) and TEP (99%) were hydrolysed in an acidic medium (2 M nitric acid) containing deionized water (molar ratio H 2 O/TEOS = 12) for 1 h with magnetic stirring. Then calcium nitrate (Ca(NO 3 ) 2 .4H 2 O) was dissolved in the sol and mixed for 1 h. The gel obtained was aged for 72 h in a sealed container, followed by drying with a 10°C temperature increase every 24 h until reaching 120°C. After that, the samples were thermally treated at 650°C at a heating rate of 2°C min 
Characterization of bioactive glass samples
Chemical composition
The chemical composition of samples was determined by inductively coupled plasma-optical emission spectrometer (ICP-OES) using a Thermo Scientific iCaP 6000 series equipment (Waltham, MA, USA). Samples were prepared by acid digestion method, in which 50 mg of each sample were carefully mixed in a platinum crucible with 250 mg of anhydrous lithium metaborate (80% w/w) and lithium tetraborate (20% w/w) (Spectroflux 100B, Alfa Aesar, Lancashire, UK) and then fused for 30 min at 1050°C in a furnace. After cooling, samples were completely dissolved in 2 M nitric acid. The concentrations of Si, Ca, P and Co in each sample were then determined by ICP-OES, and the proportions of SiO 2 , CaO, P 2 O 5 and CoO were calculated.
Thermal analysis
Thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC) were performed using a Netzsch STA 449 C (Germany) instrument in air. The evaluation was performed on samples before thermal stabilization, placed on a platinum crucible and heated from 30 to 1000°C at a heating rate of 10°C min ; an empty platinum crucible was used as a reference.
Structural evaluation
Samples were analysed by Fourier transform infrared spectroscopy (FTIR) using a Thermo Scientific Nicolet iS10 (Waltham, USA) equipment and the attenuated total reflectance accessory. Spectra were obtained in the range of 400-4000 cm −1 (64 scans per spectrum; 4 cm −1 resolution).
A Bruker D2 phaser (Germany) desktop was used to obtain X-ray diffraction (XRD) data, using 0.02 step size without spinning and a CuKα radiation source. Diffraction data were collected from 2θ ranging from 7 to 70°. X-ray photoelectron spectroscopy (XPS) was performed on a K-Alpha + system (Thermo Scientific UK) operating at a base pressure of 2 × 10 −9 mbar. A monochromated and microfused Al Kα X-ray source (hν = 1486.6 eV) was incorporated, with a 180°double focussing hemispherical analyser containing a two-dimensional detector. The emission current of the X-ray source was 6 mA and the anode bias was 12 kV. To minimize sample charging, a flood gun was used, and any remaining small shifts observed in binding energy (BE) due to sample charging were corrected using the C 1s core line at a BE of 285.0 eV. Data were collected using X-ray spot size of 400 µm and 200 eV pass energy for survey and 20 eV pass energy for the core-level scan. All data were evaluated using the Avantage XPS software package. Highresolution core-level scans were performed for Si 2p, O 1s and Co 2p. 
Textural properties
Samples were degassed for 24 h at 200°C prior to measurement. Nitrogen sorption was performed in an Autosorb AS-6 (Quantachrome, UK) multi-station with 40 absorption points and 40 desorption points. To evaluate the surface area of samples, the Brunauer-Emmett-Teller (BET) method was applied, and absorption data points in the range of 0.01-0.30 (P/P 0 ) relative pressure was used, whereas the pore diameter distribution was evaluated by Barret-JoynerHalenda (BJH) method applied to the desorption curves.
Dissolution study
Simulated body fluid (SBF) solution was prepared as previously described [35, 36] . Bioactive glass powders (75 mg) were immersed in SBF solution (50 mL), in an airtight container, and incubated at 37°C with 120 rpm agitation. After different time points (4 h, 8 h, 24 h, 72 h, 1 week and 2 weeks), 1 mL of the bulk solution was collected and then replaced by 1 mL fresh SBF in each container. The collected aliquot was then diluted in nitric acid (2 M) with a 10-fold dilution factor, filtered (0.22 µm) and analysed by ICP-OES for the Si, Ca, P and Co ion release in SBF [3] .
The experiment was performed in triplicate.The reacted powders were filtered after the 2-week study, washed with acetone, dried and evaluated by FTIR and XRD. The morphology of the samples after immersion in SBF was evaluated by Scanning electron microscopy (SEM) was performed on a LEO Gemini 1525 microscope (Carl Zeiss SMT, UK) containing field emission column, operating at 5 kV. Samples were sputter coated with chromium prior to the evaluation.
Statistical analysis
For the chemical analysis, textural properties and dissolution in Dulbecco's modified Eagle's medium, three measurements were performed for each sample, and results are expressed as mean ± standard deviation. Further statistical analysis was performed on each component of the glass composition and also on the results obtained for the textural properties using one-way analysis of variance followed by Tukey's test (GraphPad Prism 6.01), and differences were considered significant for p < 0.05. [37, 38] . Nonetheless, Table 1 shows that the Co precursor does not affect the final composition of the bioactive glass.
Results and Discussion
Chemical composition
Thermal analysis
TGA and DSC analysis were performed on samples after synthesis and the drying process to evaluate the influence of Co incorporation on the bioactive glass thermal behaviour and also to determine the ideal heating temperature for these materials. From the TGA (Fig. 1a ) three main regions of weight loss can be observed as samples were heated from 30 to 1000°C. The first stage was observed from 30 to 180°C , with approximately 10% mass loss in all samples, mainly related to the removal of residues from the sol-gel process, such as alcohols, and to the endothermic desorption of physically adsorbed water [39] . As the heating process proceeded from 200 to 450°C, the second stage with further 15-25% weight loss related to the release of chemically adsorbed water and loss of remaining organic groups from the sol-gel precursors is observed [29] . Finally, the last stage, from 450 to 600°C, with additional 10-15% weight loss, can be related to nitrate (NO 3 − ) decomposition, present in high content mainly due to the calcium nitrate used as a precursor. It is in accordance with previous works that have shown that calcium only enters in the glass structure as a network modifier ion after nitrate decomposition at temperatures >400°C [4, 40] . This weight loss stage can also present the contribution of further condensation of hydroxyls on the glass surface. The higher weight loss observed for BG samples may be related to excess of residuals from the sol-gel process on this sample, such as alcohols and remaining organic groups, and also to removal of adsorbed water on the highly reactive BG surface. After that, the weight loss stabilized for the glasses evaluated. DSC (Fig. 1b) analysis shows a well-defined exothermic transition in the range of 278-286°C, assigned to the carburization of remaining organic sol-gel precursors [29] . An endothermic transition between 490 and 570°C related to nitrate decomposition is also observed. This transition is observed in a lower intensity for 5Co-C, which may be related to the fact that in this sample the calcium nitrate salt was partially replaced by cobalt chloride, whereas the reduced temperature at which this transition was observed for 5Co-N can be related to the fact that nitrates of transition metal salts usually present lower degradation temperature than base metal nitrates, as described elsewhere [41] . The exothermic transition observed >900°C is assigned to the crystallization of the glasses; however, crystalline phases can affect the bioactivity by reducing the possibility of ion exchange reactions with the physiological environment. Based on the thermal evaluation of bioactive glass samples, the heating programme of bioactive glass samples was set to 650°C at a heating rate of 2°C min −1 for 3 h, which should promote total nitrate elimination and prevent crystallization of the silica network.
Structural evaluation
Structural evaluation of bioactive glass samples thermally treated at 650°C was carried out by FTIR (Fig. 2a) , and typical bioactive glass absorption bands were observed. No nitrate absorption bands were identified, confirming that the thermal program was adequate for nitrate removal in all samples. The Si-O bending is assigned to the absorption around 580 cm −1 [42] and is usually related to amorphous silica structures [43] , whereas the Si-O symmetric stretching is reported at 810 cm −1 [44] . The asymmetric stretching of Si-O-Si bonds is assigned to the absorbance observed around 1000-1200 cm −1 [45] , with maximum intensity at 1050 cm −1 for all samples. The maximum absorbance for this vibration is usually observed at 1090 cm −1 in SiO 2
samples, but it shifts to lower values when network modifiers are present, increasing the number of non-bridging oxygen in the glass structure, indicating a high network modifier content on the evaluated samples [46] . The asymmetric stretching for SiO 4 structures containing n bridging oxygen atoms (Q n units) is related to the bands at 1235 cm −1 and 1060 cm −1 [47] . Furthermore, the band between 890 and 975 cm −1 is usually related to SiO 4 tetrahedron structures containing non-bridging oxygen [47, The FTIR analysis shows the presence of the main absorptions bands related to bioactive glasses in all the samples evaluated. No major differences were observed between the reference bioactive glass and Co-containing samples synthesized using different precursors, indicating that the glass chemical structure was maintained in spite of Co incorporation. Evidence of Co(III)-O bonds was found for the Co-containing bioactive glass obtained using the chloride Co precursor. To confirm the presence of crystalline structures, XRD was performed and is shown in Fig. 2b .
A broad and diffuse halo between 15 and 35°(2θ) was observed in all samples, suggesting the formation of a mainly amorphous silica structure [39] , although the higher intensity between 31°and 33°(2θ) for BG indicates an initial arrangement of the material structure, with small apatite phase nucleus formation during heat treatment, as related elsewhere [30] . Peaks were observed for 5Co-C match cobalt (II, III) oxide (Co 3 O 4 ) structures [52] , whereas crystalline cobalt oxides were not detected in 5Co-N. Co 3 O 4 is a stable and poorly soluble compound that presents a mixed valence (Co 2+ and Co 3+ ) [51] , and its presence indicates that Co was not fully incorporated as a network modifier in the glass network when cobalt chloride was used. Although the main amorphous character was maintained after the heat treatment, crystalline regions may result in a lower dissolution rate, consequently affecting the glass bioactivity. Furthermore, the HIF-1α stabilization effect was mainly related to Co 2+ species in previous works [28, 53] , therefore the presence of Co 2+ species on the material structure is preferred over Co 3+ to enhance angiogenesis in tissue engineering applications.
To confirm and provide further details on the oxidation state of the species, XPS analysis was carried out and Fig. 3 shows the survey scan XPS of bioactive glass samples and high-resolution XPS spectra (Fig. 4) performed for Si, O and Co. Typical XPS and Auger lines from the glass constituent elements were observed and are identified in the spectra, along with the "adventitious carbon" (C 1s) peak, related to the absorption of hydrocarbon impurities by the glass surface [48] . This peak was used as a reference for the BE calibration, and it was set at 285 eV to correct the sample charging in all samples. Figure 4a shows the Si 2p high-resolution XPS spectra, with a maximum peak at 103.5 eV, only slightly shifted to 103.4 eV for 5Co-C, but within the BE typical of tetrahedral Si coordinated with four oxygen atoms (SiO 4 4− ) [54] . The O 1s XPS spectra, shown in Fig. 4b , could be deconvoluted into two different components, at 531.1 and 533.0 eV. Although obtaining reliable O 1s data is difficult due to overlapping oxide peaks, and the possibility of hydroxylation and/or carbonation of the material surface [55] , the peak with maximum at~533.0 eV is often assigned to the oxygen in a silica environment, typical of silica glasses, whereas the lower BE peak can be related to oxygen in phosphate structure, in the same region of the BE observed for O 1s in phosphates of hydroxyapatite [56] . Previous works show that P atoms are mainly in the orthophosphate (PO 4 3− ) form in bioactive glasses, charge-balanced by modifier cations, and only small amounts of Si-O-P bonds are observed [30] . No main difference was observed on the Si 2p and O 1s spectra for BG and Co-containing glasses, which indicates that the main silica structure was maintained after Co incorporation.
Co ions in the glass structure can be found in Co 2+ or Co 3+ state [57] , and although XPS is a tool frequently used to identify the chemical state of most elements in the periodic table, it is not a straightforward process for transition metals 2p spectra as they contain complications such as multiplet splitting and shake-up structures that may prove difficult in the identification of the chemical states present Fig. 3 XPS spectra of bioactive glass samples [58] . Nonetheless, some features of the Co 2p spectrum can be considered when identifying the Co oxidation states. The Co 2+ 2p BE (781-783 eV) is usually slightly higher than the BE observed for Co 3+ (779-780 eV); strong satellite shake-up structures are observed for high-spin Co 2+ species; and Co 3+ spin-orbit splitting (15.0-15.5 eV) is usually lower than Co 2+ spin-orbit splitting (15.7-16 .0 eV) [59, 60] .
High-resolution scans of the Co 2p peaks are shown in Fig. 4c and multiple peaks are revealed in the range of 772 to 809 eV. The typical 2p peak pairs from spin-orbit splitting (Co 2p 3/2 and Co 2p 1/2 ) are observed in the position around 781 and 797 eV [61, 62] , along with shake-up satellite features observed at their higher BE side. This intense shake-up satellite structures observed on both samples are assigned to high-spin Co 2+ species [57, 62] . However, a reduction in the satellite intensity for 5Co-C could also suggest the presence of Co 3+ , as these structures are usually weaker in Co 2p spectra when this oxidation state is present [60, 61] . The 5Co-C Co 2p peak width and satellite features are also slightly broader, which is another indicator that Co is present in more than one oxidation state or coordination geometry on this sample [61] . Furthermore, the Co 2p 3/2 spectra of 5Co-C revealed a high-intensity shoulder at 779 eV that can be related to the presence of Co 3+ species, as this peak is usually observed at lower binding energies than Co 2+ [58, 59] . Finally, the spin-orbit splitting separation of Co 2p 3/2 and Co 2p 1/2 was 15.8 eV for 5Co-N and slightly lower for 5Co-C (15.5 eV) and indicates the presence of Co in higher oxidation state for 5Co-C [61] . Therefore, XPS evaluation not only shows that Co is present mainly as Co 2+ in the glass structure but also Co 3+ species can be formed when the Co precursor is cobalt chloride, which is in agreement with the XRD evaluation that showed formation of Co 3 O 4 structures for 5Co-C, which is a compound formed by the mixture of Co 2+ and Co 3+ species.
Textural properties
Nitrogen sorption analyses were performed to evaluate the textural properties of the bioactive glasses. Representative nitrogen adsorption/desorption isotherms and pore size distribution curve derived from the desorption branch (BJH model) are shown in Fig. 5 , and the values obtained from BET and BJH algorithm are summarized in Table 2 . Type IV isotherms with the presence of hysteresis loop can be identified in all cases, which is characteristic of materials with pore widths ranging from 2 to 50 nm (mesoporous range) [56] . During the sol-gel drying process, the removal of condensation by-products present within the gel network results in the formation of nanopores, typical sol-gel glasses [31] . Narrow and monomodal pore size distribution can be observed in Fig. 5b , with pore diameters within the mesoporous range. No statistically significant differences were observed between the mean pore diameter of the bioactive glasses. Samples also presented a high specific surface area, as shown in Table 2 , in accordance with values previously reported [37] . A statistically significant decrease on the specific surface area and total pore volume were observed for 5Co-C when compared to BG, which could be attributed to the material crystalline content, as the crystalline phase can obstruct the nitrogen within the glass, consequently affecting their textural properties [32] . The presence of pores within the mesoporous range is favourable in inducing hydroxycarbonate apatite (HCA) nucleation and crystallization, as the pores could act as nucleation sites. The number of sites available and the size of the pores could control the rate of nucleation and further crystallization of HCA on the glass surface [63] , consequently affecting bioactivity, therefore bioactive glasses containing high surface area and mesoporous structure are of great interest for tissue engineering.
Dissolution study
After immersion in SBF, the dissolution process of the bioactive glass is initiated, altering the composition and pH of the solution, providing sites that favour the HCA layer formation on the glass surface [2] . Therefore, modifications on the SBF solution composition can be used as an indirect method to evaluate the mechanism of the HCA formation and the processes taking place on the glass surface, indicative of the glass bioactive potential [64] . Figure 6 presents the Si, P, Ca and Co concentration after immersion of bioactive glasses in SBF for different periods of time, as evaluated by ICP-OES.
No significant difference was observed in the Si release profile between the glasses, and its concentration was stabilized in SBF solution after 24 h, maintained in the range of 62-70 ppm. Co was incorporated into the bioactive glass structure in partial Ca substitution, which consequently reduced the Ca content of the Co-containing samples. The concentration of Ca in SBF, however, was higher for 5Co-N samples than the BG and 5Co-C samples that presented similar behaviour. As 5Co-N presented a higher surface area than 5Co-C, it was expected that Ca release was also higher for 5Co-N. Nonetheless, the difference observed between 5Co-N and BG could be related to the formation of a weakly bonded network due to Co incorporation, which increased the dissolution rate of this sample, this is especially evident during the first 8 h of immersion [19] . The Ca release has an important role in the biomineralization process and could also induce osteoblast proliferation, improving the biomaterial therapeutic effect [65] .
The P concentration reduced immediately after sample immersion in SBF and can be related to the PO 4 3− migration to the glass surface and the calcium phosphate-rich layer formation [66] . However, for BG, the phosphate concentration fell to near 0 ppm in 24 h, whereas for Cocontaining bioactive glasses the P content reduced at a lower rate, reaching a minimum of approximately 7 ppm after 2 weeks, this could be related to a slower phosphate precipitation on the glass surface, with a consequential reduction on calcium phosphate and HCA formation. Therefore, the results indicate that Co incorporation reduced the HCA layer formation rate during the 2 weeks of study.
Co release showed an initial burst release, stabilizing thereafter and reaching the maximum concentration of approximately 10 and 6 ppm for 5Co-N and 5Co-C, respectively. The use of different precursors affected the ion release, as a lower content of Co was released from 5Co-C. Although the specific surface area could affect the 
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Total pore volume (cm 3 g dissolution profile of glasses, similar ion release behaviour was observed for silicon on all samples. Therefore, the difference on the Co-release observed between 5Co-C and 5Co-N during the 2 weeks study can be assigned to the presence of cobalt (II, III) oxide on 5Co-C sample, as it is reported that this crystalline phase is poorly soluble in aqueous medium [67] . Previous work showed that cobalt chloride at a concentration of approximately 13 ppm affected transcriptional responses to hypoxia in microvascular endothelial cells (HMEC-1), inducing the HIF-1 response [68] . Also, high VEGF expression was observed for the Co release in the range of 3-12 ppm evaluated in Co-containing scaffolds of bioactive glass and collagen-glycosaminoglycan, with also increased alkaline phosphatase activity [69] . Therefore, samples in this work presented ion release within the range of the biologically active concentration that could induce the new blood vessel formation according to previous studies. Nonetheless, recently evaluation performed in hMSCs showed a reduction in chondrogenic differentiation in a time-and concentration-dependent manner, although the level of HIF-1α was significantly increased [28] . Therefore, Co release should be carefully evaluated and tailored according to the desired biomaterial application.
The glass powders were evaluated by FTIR and XRD before and after the 2-week study, and results are shown in Fig. 7 . No significant differences were observed in the FTIR spectra, in which the main bands related to the silica network can be assigned to the absorbance at around 450 cm −1 (Si-O bending), 965 cm −1 (SiO 4 structures containing nonbridging oxygen) [70] and the broad band with maximum at 1020 cm −1 (Si-O stretching) [66] . The doublet at 562 and 602 cm −1 is characteristic of P-O bending of PO 4 3− groups in apatite crystals [15] , and its intensity increased after Fig. 7b .The appearance of pronounced peaks at 26°, 32°and 50°(2θ) can be assigned to the HCA layer formation on the glass surface after the immersion in SBF [71] . A peak attributed to calcite also was observed, and its formation can be related to the reaction between the calcium released from the glasses and the carbonate ions present in SBF solution [47] . Furthermore, the 5Co-C crystalline features remained after the dissolution study, indicating that the oxide structure was not dissolved during this study, which could explain the lower Co release for this sample. Finally, Fig. 8 present SEM micrographs before and after 2 weeks of immersion in SBF and showed a structure with typical morphology of apatite crystal that is formed owing to biomineralization on the glass surface [29, 66] , confirming the previous results.
Owing to the dissolution results presented above, this study confirms that Co incorporation into the glass network could lead to a reduction in the HCA layer formation rate, although evidence of HCA formation was still found within 2 weeks of immersion in SBF. A reduced Co release was observed when cobalt chloride was used as a precursor, mainly related to the poorly soluble crystalline features [67] . The Co release was within the reported to induce an angiogenic response; however, the glass composition should be properly tailored when designing new bioactive glasses for each application.
Conclusions
In this work, Co-releasing bioactive glasses were obtained through the sol-gel method, and the influence of Co incorporation and precursor selection on the glass structure and properties were evaluated. When cobalt chloride was used as a precursor, crystalline cobalt (II, III) oxide was formed, indicating that Co ions were not fully incorporated into the glass structure as a network modifier, whereas crystalline features were not detected when the nitrate salt was the precursor. This ion is present mainly as Co 2+ species, as per XPS evaluation, although Co 3+ species are also evident when chloride salt was the precursor. Co incorporation using both precursors evaluated in this work reduced the HCA layer formation rate during the 2 weeks of immersion in SBF. A higher Co release for the cobalt nitrate-derived glass was observed, and Co release content was within the reported concentration that induces angiogenic effects, although further biological evaluation should be performed. Therefore, the Co precursor plays an important role in defining the final glass structure and properties and should be carefully evaluated when developing new sol-gel bioactive glass compositions for tissue engineering applications. 
